Abstract. The aim of this study was to investigate olanzapine (OZ) systemic absolute bioavailability after intranasal (i.n.) administration in vivo to conscious rabbits. Furthermore, the study investigated the potential use of chitosan nanoparticles as a delivery system to enhance the systemic bioavailability of olanzapine following intranasal administration. Olanzapine-loaded chitosan nanoparticles were prepared through ionotropic gelation of chitosan with tripolyphosphate anions and studied in terms of their size, drug loading, and in vitro release. The OZ nanoparticles were administered i.n. to rabbits, and OZ plasma concentration at predetermined time points was compared to i.n. administration of OZ in solution. The concentrations of OZ in plasma were analyzed by ultra performance liquid chromatography mass spectroscopy (UPLC/MS). OZ-loaded chitosan nanoparticles significantly (p<0.05) enhanced systemic absorption with 51±11.2% absolute bioavailability as compared to 28±6.7% after i.n. administration of OZ solution. The results of the present study suggest that intranasal administration of OZ-loaded chitosan nanoparticles formulation could be an attractive modality for delivery of OZ systemically.
INTRODUCTION
Olanzapine (OZ) (2-methyl-4-(4-methylpiperazin-1-yl)-5H-thieno [3,2-c] [1, 5] benzodiazepine) ( Fig. 1) is an atypical antipsychotic drug used for treatment of schizophrenia and bipolar I disorder (1, 2) . Olanzapine is presently available in oral tablet form, which demonstrated extensive first-pass metabolism with around 40% of the drug metabolized before reaching systemic circulation. To overcome the bioavailability issues, orally disintegrating tablets and intramuscular injections, which have a more rapid rate of absorption, are also available (3) . Orally disintegrating tablets are easier for patients to take and have more rapid absorption than traditional tablets; however, orally disintegrating tablets were shown to give similar bioavailability to standard tablets (4, 5) .
Many schizophrenia patients struggle with medication compliance due to the nature of their symptoms (6) . Some patients may be in denial of illness while others suffer delusions that lead to noncompliance (7, 8) . Highly agitated, noncompliant patients require dosage methods that are easily controlled by their physician and family (9) . Furthermore, difficult patients may reject oral medications; alternatively, they could be dosed by intramuscular injections. However, the latter could require health-care personnel for administration, and depot injections often used with noncompliant patients cause pain that could lead to medication refusal (10) . Thus, the intranasal dosage forms could be an attractive drug delivery modality and could meet that necessity for an easy to administer dosage form. Dose-related side effects can be minimized by utilizing an alternative dosing route with increased bioavailability. It was reported that some antipsychotics, including OZ, could increase weight gain with higher doses (11, 12) that could further lead to noncompliance (13) . In addition to weight gain, preliminary evidence indicates a dosedependent relationship between OZ and metabolic issues such as diabetes (14) (15) (16) .
With those considerations, it appears there is a need for an alternative route of administration for OZ to overcome the low bioavailability and the side effects. Intranasal drug delivery through the nasal mucosa is a useful method to avoid hepatic first-pass metabolism (17) (18) (19) . Furthermore, intranasal administration offers a practical, noninvasive, alternative route of administration that could improve drug bioavailability resulting in a better safety profile by reducing dose-related side effects.
The aim of this study was to investigate the nasal drug delivery of OZ solution and the potential of chitosan nanoparticles as a delivery system to enhance the systemic absorption of OZ following intranasal administration in conscious rabbits. Chitosan is a mucoadhesive cationic polysaccharide that is produced from partially acetylated chitin (20) . To maximize drug permeation through the nasal mucosa, it is critical for intranasal drug delivery systems to have enhanced nasal absorption (21) . Chitosan has been shown to increase nasal absorption due to its properties of mucoadhesion and ability to increase membrane permeability (22) (23) (24) (25) . To our knowledge, this is one of the first reported studies to investigate the nasal absorption of a psychotic drug such as OZ using mucoadhesive polymer-based nanotechnology in a conscious, nonanesthetized rabbit animal model.
MATERIALS AND METHODS

Materials
Olanzapine, chitosan (low-molecular-weight 40,000 Da), and pentasodium tripolyphosphate (TPP) were purchased from Sigma-Aldrich (MO, USA). All other chemicals and HPLC grade solvents were obtained from Fisher Scientific (NJ, USA). Catheters were purchased from J&J Medical (NJ, USA); injection adaptors were purchased from Medex (OH, USA); plasma tubes with EDTA were purchased from Tyco Healthcare Group (MA, USA); saline was purchased from Baxt er Healthcare Corporation (IL, USA); microcentrifuge tubes, vials, and tips were purchased from Fisher Scientific (NJ, USA); and AErrane ™ Isoflurane was provided by VMC Anesthesia Ohmeda (WI, USA).
Preparation of Chitosan Nanoparticles
Chitosan nanoparticles (CS NP) were prepared based on the ionotropic gelation of chitosan with tripolyphosphate (TPP) anions. Chitosan (0.20%w/v) was dissolved in 1% (v/ v) acetic acid, and then, the pH was raised to 4.7 with 10 N NaOH. Nanoparticles were obtained upon the addition of a TPP aqueous solution (0.5 mL, 0.2%w/v in 0.1 N NaOH) to chitosan solution (2 mL, 0.2%w/v) under magnetic stirring at room temperature. For the association of OZ to chitosan nanoparticles, OZ was first incubated for 20-40 s in the CS solution. The TPP solution was then added into the chitosan and OZ mixture. Nanoparticles loaded with OZ were obtained as described above. The concentration of OZ in the TPP solution was adjusted in order to obtain chitosan nanoparticles containing 20 and 60% (w/w) of OZ. Nanoparticles were concentrated by centrifugation at 8,000×g for 30 min in centrifuge tubes with a 10-μL glycerol bed in the bottom of the tube, which aids in the prevention of nanoparticles aggregation. Supernatant was discarded and the nanoparticles were re-suspended in phosphate buffer (pH 6.4) for further testing.
Ultra Performance Liquid Chromatography Mass Spectroscopy Assay
Chromatography was performed on a Waters Acquity UPLC ® BEH Shield (2.1 mm × 100 mm, 1.7 μm) RP18 column with a mobile phase consisting of solvent A (acetonitrile) and solvent B (0.1% formic acid) with gradient elution program. The flow-rate was set at 0.1 mL/min. Selected ion monitoring (SIM) was performed in the positive mode for OZ and mirtazapine internal standard (IS) at M+= 313 and 266 m/z, respectively. The capillary voltage and cone voltage were maintained at 0.3 kV and 34 V, respectively. Nitrogen was used as both the cone gas and the desolvation gas (500 L/h). Mass chromatograms and mass spectral data were acquired and processed by MassLynx software (Waters).
Characterizations of OZ-Loaded Chitosan Nanoparticles
The morphology and size distribution of the OZ-loaded chitosan nanoparticles were observed using Philips Tecnai 12 Biotwin microscope with an accelerating voltage of 100 kV at the University of Kentucky Medical Center Imaging Facility. A dried nanoparticle sample was dispersed directly into distilled water, and then, a copper grid coated with a carbon film was put into the previous suspension several times and left to incubate for 2.0 min at room temperature. After drying and removal of excess fluid, the samples were negatively stained with 2% uranyl acetate, and the grids were examined and recorded with the transmission electron microscope (TEM) images. The amount of entrapped OZ in nanoparticles was detected in triplicate by ultra performance liquid chromatography mass spectroscopy (UPLC/MS) analysis. The nanoparticles were separated from the aqueous medium by ultracentrifugation at 18,000×g for 30 min. The OZ concentration was analyzed by UPLC/MS as described above. The amount of OZ loaded into the nanoparticles was calculated as the difference between the total amount used to prepare the nanoparticles and the amount that was found in the supernatant. The encapsulation efficiency (EE) of OZ in nanoparticles was determined as the mass ratio of the entrapped OZ in nanoparticles to the theoretical amount of OZ used in the preparation.
In Vitro Release of OZ from OZ-CS Nanoparticles
Aliquots of the nanoparticle suspension containing 1 mg of OZ were diluted in 10 mL of purified water and incubated, under agitation, at 37°C, in order to assess sink conditions during the release studies. At different time intervals, samples were centrifuged (18,000×g for 30 min) and the released OZ was determined by UPLC/MS, as described above.
In Vivo Nasal Bioavailability Studies
Male New Zealand albino rabbits weighing between 4.0 and 4.5 kg (Myrtle's Rabbitry Inc., Thompson Station, TN) were used. All research and testing activities related to this work were reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) prior to the initiation of this research and during its execution. A comparative determination of the blood levels of OZ delivered via both Fig. 1 . Chemical structure of olanzapine intravenous (i.v.) and intranasal (i.n.) administration was carried out in a random cross-over design. Two weeks were allowed between treatments. Prior to intranasal administration, each spray device was primed by activating the pump ten times. The nasal formulations were administered by pumping a single spray into each nostril while the rabbits head was held in an upright position, such that a total dose of 1 mg/kg was administered. In order to determine the absolute bioavailability of the nasal dose, rabbits received 0.5 mg/kg OZ intravenously. Animals were conscious throughout the duration of the experiment and were held in rabbit restrainers during blood sampling. Blood samples were collected at predetermined time points. Plasma (200 mL) was separated by centrifugation at 3,000 rpm for 10 min and was frozen at −20°C in polypropylene tubes until the time of analysis.
Preparation of Samples
Plasma samples (90 μL) were spiked with 10 μL mirtazapine IS and then vortexed for 2 min. The extraction was carried out using 200 μL of methylene chloride. The samples were vortexed for another 2 min, then centrifuged for 15 min at 10,000 rpm. The bottom organic layer was collected carefully and injected into LCMS.
Statistical Analysis
Pairs of groups were compared by Student's t test. Differences between groups were considered significant at p<0.05. Values for all measurements are expressed as means±SD.
RESULTS
Nanoparticles were prepared based on ionotropic gelation process with 20 or 60% loading. Characterization for particle size, loading, and encapsulation efficiency is illustrated in Table I . Actual loading of OZ in the nanoparticles was similar to the prepared theoretical loading of 20 and 60% (17.2 and 52.3%, respectively) with an encapsulation efficiency of nearly 90%. Average particle size ranged from 179 to 237 nm (20% loading) and 304 to 340 nm (60% loading). The lower size nanoparticles with the 20% loading were further used for in vivo testing.
The in vitro release profile of OZ chitosan nanoparticles under sink conditions is shown in Fig. 2 . Initial release of OZ from nanoparticles occurred rapidly, with more than 80% released during the first 30 min, followed by the remaining drug releasing slowly for the duration of the experiment.
OZ was administered intravenously at 0.5 mg/kg while intranasal solution and chitosan nanoparticles were administered at 1.0 mg/kg. Blood plasma concentration of OZ versus time following i.v. and i.n. administration of solution and OZloaded nanoparticles is shown in Fig. 3 . At 5 min following i.v. injection, OZ attained a high concentration of 364.22 ng/mL± 163.19, declined quickly, and then decline slowed. Initial blood plasma concentrations of both i.n. formulations were significantly lower than those after i.v (p<0.05). Using the AUC from blood plasma concentrations, absolute bioavailability was calculated. Absolute bioavailability of OZ i.n. solution when compared to i.v. administration was equal to 28±6.7% (Table II) , and the absolute bioavailability of i.n. OZ CP-NPs was 51±11.2%.
The pharmacokinetic parameters following i.v. and i.n. administration of OZ are shown in Table III 
DISCUSSION
OZ was prepared as chitosan nanoparticles based on ionotropic gelation of chitosan with TPP anions. Chitosan has been shown as an effective delivery system (26, 27) , and therefore makes a promising carrier for OZ nanoparticles. To avoid irritation with the nasal formulations, solutions were kept within the pH range of nasal mucosa (pH 5.5-6.5) (28) .
The characterization of the chitosan nanoparticles demonstrated actual loading of the nanoparticles to be comparable to the theoretical loading with encapsulation efficiency roughly around 85% at both loading values. Additionally, increased loading of OZ in nanoparticles produced a statistically significant (p<0.05) increased particle size. An increased ratio between charges has been shown to increase nanoparticle size (29) . Increased nanoparticle loading from 20 to 60% alters the charge ratio between the mixture of chitosan and OZ, which is considered a weak base (30) , and TPP polyanion to favor the electrostatic interaction between the oppositely charged components. The initial rapid in vitro dissolution of OZ chitosan nanoparticles under sink conditions indicates that, due to the hydrophilic nature of chitosan, the aqueous dissolution medium permeated the nanoparticles and dissolved the trapped OZ. Chitosan has been demonstrated to improve dissolution of poorly soluble drugs (31, 32) . Therefore, it could be proposed that the major factor governing OZ release is the chitosan polymer dissolution rate in the release medium.
Chitosan nanoparticles significantly enhanced in vivo OZ systemic absorption after i.n. administration (absolute bioavailability=51±11.2) when compared to i.v. dosing of OZ solution. Chitosan nanoparticles also increased bioavailability over intranasal OZ solution (p<0.05). These results clearly evidence the ability of chitosan nanoparticles to enhance the nasal absorption of OZ. Kumar (33) found that OZ nanoparticles prepared with chitosan administered to rats produced a higher concentration in blood than other OZ i.n. preparations. Chitosan nanoparticles likely improve absorption through increased surface area, the demonstrated ability to adhere to mucosal tissues (34) and the capacity to transiently open the tight junctions (35) .
To investigate the potential of using chitosan nanoparticles administered intranasally, the pharmacokinetics of OZ was compared after i.n. and i.v. administration to rabbits. Absorption of OZ prepared with chitosan nanoparticles was significantly higher than that of i.n. OZ in solution (p<0.05), though both i.n. chitosan nanoparticles and i.n. solution were absorbed equally rapidly. Rapid absorption through the nasal mucosa would be beneficial when attempting to quickly dose an uncooperative patient while avoiding injections. Some clinical trials have indicated rapid absorption of OZ administered sublingually (36) , suggesting OZ to be a good candidate for transmucosal drug delivery. Thus, correlating well with the rapid absorption through nasal mucosa demonstrated in the current study.
The use of anesthesia during intranasal administration can affect absorption (37) . Some of the studies investigating intranasal administration of OZ used conscious rats (38, 39) , though one did not (33) . Each of these studies used rats as a model, but rats are a difficult subject for conscious administration due to their small nasal capacity and body size. However, rabbits may be a better candidate for intranasal drug delivery studies. Rabbit nostrils can hold a larger i.n. dose, and tests with i.n. insulin showed rabbits to have similar blood level profiles to humans (40) . Also, the nasal cavity of rabbits was reported to be similar to that of humans (41) . Although animal experiments utilizing conscious animals would reflect more active mucociliary clearance conditions resulting in lower absolute bioavailability, this is more likely to reflect the real clinical conditions than data collected from animals under anesthesia.
Finally, due to the sensitivity of nasal mucosa, nasal dosage of OZ should not be considered for chronic dosing and might be considered after further clinical evaluation for adjunct therapy with other delivery systems when needed to support a missed dose or patient compliance cases.
CONCLUSION
The results of the present study indicate that OZ administered via intranasal chitosan nanoparticles has potential to improve the efficacy of systemic absorption. Chitosan nanoparticles enhanced absorption and could offer an efficient method of administration in noncompliant patients. Thus, the safety and clinical benefits of this method of administration should be investigated further. K e K elimination, T 1/2 half-life, T max peak time, C max peak concentration, i.v. intravenous, i.n. intranasal, OZ-CS olanzapine-chitosan, NP nanoparticle
